Background: Tropomyosin-related receptor kinase B (TrkB) promotes proliferation and invasion, relating to poor prognosis of various malignancies. We examined the role of TrkB at the invasive front of gastric cancer (GC) and its association with tumour cell dedifferentiation and tumour budding.
Tropomyosin-related receptor kinase B (TrkB) is a tyrosine kinase receptor for brain-derived neutrophic factor (BDNF), which triggers several intracellular signals (Barbacid, 1994 ). An overexpression of TrkB has been reported in various human malignancies and demonstrated its association with tumour cell proliferation, invasion, metastasis, and poor prognosis (Thiele et al, 2009; Li et al, 2011; Lee et al, 2012; Sasahira et al, 2013) . TrkB has been also involved in resistance to anoikis (a form of detachment-induced apoptosis), implying its metastatic property (Douma et al, 2004) .
The epithelial-to-mesenchymal transition (EMT) is a process in which cells undergo a switch from an epithelial phenotype to a mesenchymal phenotype. The epithelial cells acquire an enhanced motility and show a fibroblast-like morphology. Increased evidence has demonstrated that EMT was associated with cancer invasion, metastasis, and consequent poor prognosis. Association between TrkB and EMT has also been demonstrated in several human malignancies (Kupferman et al, 2010; Smit and Peeper, 2011) .
These lines of evidence suggest that TrkB may be one of the representative molecules that reveal an association between the molecular change (overexpression of TrkB) and the morphological change (EMT).
The term 'dedifferentiation' has been reported as a progression of cells towards a less differentiated state with no longer the original line of differentiation (Dahlin and Beabout, 1971) . Recently, the term 'high-grade transformation' has been introduced as a state in which the dedifferentiated component maintains some features of the original tumour (Seethala et al, 2007) .
Gastric cancer (GC) is the fourth most common malignancy and the second leading cause of cancer-related death in the world. Poorly differentiated GC such as poorly differentiated tubular adenocarcinoma, signet ring cell carcinoma, and mucinous adenocarcinoma has been shown to be associated with more aggressive phenotype and poor prognosis (Choi et al, 2009; Piessen et al, 2009 ). On the other hand, GC frequently shows marked histological heterogeneity and co-existence of several histological components within the tumour. A certain number of GCs with such mixed histology show both low or intermediate grade (well/moderately differentiated) at the surface to the centre and a high grade (poorly differentiated) at the invasive front of the tumour. The characteristics of GCs with 'dedifferentiated tumour cells at the invasive front ' have not yet been fully analysed.
Tumour budding, which is defined as an isolated single cancer cell or tumour cluster of fewer than five cancer cells without glandular formation, has been demonstrated to be associated with tumour invasion, metastasis, and poor prognosis in several human malignancies (Lugli et al, 2012) . Tumour budding has not been fully characterised in GC, although the prognostic significance of tumour budding was reported in oesophageal and gastrooesophageal junction cancers (Brown et al, 2010) .
Previously, we reported the association of TrkB with tumour progression and patients' prognosis in GC (Tanaka et al, 2009a) , its association with chemotherapy resistance in oesophageal cancer (Tanaka et al, 2009b) , and its involvement in EMT in colorectal cancer (Fujikawa et al, 2012) . More recently, we have demonstrated that the immunoreactive BDNF/TrkB co-expression at the invasive front was significantly associated with histological intestinal type and lymph node metastasis in 150 patients with GC (Okugawa et al, 2013) .
In this study, we re-evaluated the immunoreactive TrkB expression at the invasive front in a larger series of 320 GC patients and clarified its clinical and prognostic significance. We also examined the association of TrkB expression with tumour cell dedifferentiation and tumour budding.
MATERIALS AND METHODS
Patients and specimens. Three hundred and sixty patients with GC, who were resected at the Department of Gastrointestinal and Pediatric Surgery of Mie University Graduate School of Medicine from 2000 to 2011, were included in this study.
Patients with incomplete clinical data (n ¼ 8) or inadequate follow-up (n ¼ 17) were excluded. Specimens with insufficient tumour (n ¼ 3) or no residual tumour (n ¼ 12) were excluded from further analysis. Finally, a total of 320 specimens were analysed as the full cohort. Patient and tumour characteristics are shown in Table 1 . Our retrospective study adheres to the REMARK criteria (McShane et al, 2005) .
All patients had histologically confirmed adenocarcinoma of the stomach. The median age was 68 years (range: 18-90 years). The median follow-up time was 25.9 months (range: 1.4-124.5). A total of 70 patients died of GC-related causes during this period. Postoperative adjuvant chemotherapy was given to 111 patients with pathological lymph node metastasis. Palliative chemotherapy was given to 50 patients with stage IV disease.
All resected specimens were fixed in 10% formalin, embedded in paraffin, and stained with haematoxylin and eosin (H&E). All histopathological data were reviewed from the corresponding H&E-stained slides.
Staging was based on clinical assessment and histopathological analysis by the International Union Against Cancer (UICC) TNM staging system. Written informed consent of all patients was obtained according to the local ethics guidelines. The study was approved by the Institutional Review Board.
Histological classification. According to the World Health Organization classification, the four predominant histological types of gastric adenocarcinoma are tubular adenocarcinoma, papillary adenocarcinoma, mucinous adenocarcinoma, and signet ring cell carcinoma (Bosman et al, 2010) .
By contrast, the Japanese classification of gastric carcinoma (3rd English edition) categorises gastric adenocarcinomas into two groups: differentiated and undifferentiated. The differentiated adenocarcinoma consists of well-, moderately differentiated, and papillary adenocarcinoma. The undifferentiated adenocarcinoma consists of poorly differentiated adenocarcinoma and signet ring cell carcinoma. Mucinous adenocarcinoma is regarded as either a differentiated or undifferentiated type, depending on the predominant components (Japanese Gastric Cancer Association, 2011) .
In this study, the histology for GC was classified into three types based on the predominant histology: well-differentiated adenocarcinoma (well-differentiated tubular adenocarcinoma and papillary adenocarcinoma), moderately differentiated adenocarcinoma, and poorly differentiated adenocarcinoma (poorly differentiated tubular adenocarcinoma, signet ring cell carcinoma, and mucinous adenocarcinoma).
In addition, the following histological classifications were also used. Differentiated and undifferentiated adenocarcinoma by the Japanese classification, and intestinal type (papillary, tubular, and mucinous adenocarcinoma) and diffuse type (signet ring cell ca. and poorly differentiated tubular adenocarcinoma) by the Lauren's classification (Lauren, 1965) .
Immunohistochemistry for TrkB and cytokeratin. Paraffinembedded tissue sections (3 mm) were subjected to immunohistochemistry. Whole-tissue sections were made and used to assess the difference in histology and TrkB expresion between the superficial or centre of the tumour and the invasive front of the tumour. Cytokeratin immunostaining was used to facilitate the visualisation of tumour buddig at the invasive front.
Sections were deparaffinised by xylene, rehydrated in graded concentrations of ethanol, and were pretreated in an autoclave at 121 1C for 15 min in 10 mM citrate buffer (pH 6.0). Endogenous peroxidase activity was blocked by incubation for 30 min with 0.3% hydrogen peroxide in methanol. Non-specific binding sites were blocked in 1 mol l À 1 phosphate-buffered saline (PBS) with 10% normal goat serum and an Avidin/Biotin Blocking Kit (Vector Laboratories, Burlingame, CA, USA). The sections were then incubated with primary mouse monoclonal antibody against TrkB (1 : 100; R&D Systems, Foster City, CA, USA) in PBS containing 1% bovine serum albumin (BSA) for 16 h at 4 1C. The other sections were also incubated with primary mouse monoclonal antibody against cytokeratin clone AE1/AE3 (Dako Cytomation, Glostrup, Denmark) in PBS containing 1% BSA for 60 min at room temperature. After washing with PBS, sections were loaded with secondary antibody coupled with peroxidase-conjugated polymers (EnVision þ System, DakoCytomation A/S) for 30 min. Subsequently, the primary antibodies were detected by using AEC Substrate Chromogen (DakoCytomation A/S) according to the instructions of the manufacturer. The sections were counterstained with Mayer's haematoxylin, dehydrated in graded concentrations of ethanol, and mounted. Negative control tissue sections were prepared by omitting the primary antibody.
Evaluation of immunoreactive TrkB protein. In this study, the 'tumour margin' was defined as all regions of the tumour border area between the primary tumour lesion and its surrounding interstitium. It was regarded as the area o0.5 mm wide in tumour periphery of the interface between tumour and stroma. In contrast, the 'tumour centre' was regarded as the area from the luminal surface to the tumour margin, excluding the necrotic areas as described previously (Alpízar-Alpízar et al, 2012) .
Two independent researchers with no prior knowledge of clinical or pathological parameters evaluated TrkB expression on the basis of the proportion of TrkB-positive tumour cells to total tumour cells, because staining intensity seems to be subjective, less reproducible, and affected by the storage time (Zlobec et al, 2007) .
For the evaluation of TrkB expression, the whole tissue sections were observed at medium ( Â 40) and high magnification ( Â 200). TrkB-positive tumour cells with nuclear or cytoplasmic immunostaining were counted in high-power field (HPF; Â 200) of five randomly selected areas in both tumour centre and margin. The percentage of TrkB-positive tumour cells per HPF was scored semi-quantitatively in 10% intervals (0%, 10%, y, 100%) (Karamitopoulou et al, 2011) . The mean percentage was determined by averaging the counts of five HPFs and was regarded as TrkB expression at the tumour centre or margin in each patient.
The few discrepancies were resolved using a multihead microscope, and then consensus was reached for each slide. For survival analysis, the optimum cut-off value of mean percentage of TrkB-positive tumour cells in both tumour centre and margin was determined by receiver operator characteristic (ROC) analysis.
Definition of higher TrkB expression at the invasive front. After evaluation of TrkB expression in both tumour centre and margin, mean percentage of TrkB-positive tumour cells was compared between tumour centre and tumour margin. When mean percentage of TrkB expression in tumour margin was larger than that in tumour centre, the case was defined as the presence of higher TrkB expression at the invasive front. When there was no difference in mean percentage of TrkB expression between tumour centre and margin, the case was defined as the absence of higher TrkB expression at the invasive front.
Evaluation of tumour cell dedifferentiation at the invasive front. According to the tumour grading systems (Sobin et al, 2009) , well, moderately, and pooly differentiated tumour are assigned as low, intermediate, and high grade, respectively. Gastric cancer demonstrates marked histological heterogeneity at both architectural and cytologic level, and frequently shows co-existence of several histologic elements. Dahlin and Beabout (1971) reported the term 'dedifferentiation', which is the progression of cells towards a less differentiated state with no longer the original line of differentiation. Recently, Seethala et al (2007) introduced the term 'high-grade transformation', which is a state that the dedifferentiated component maintains some features of the original tumour. Among GC with co-existence of several histologic elements, one form of GC with mixed histology exists, which shows both low or intermediate grade (well/moderately differentiated) at the surface to the centre and a high grade (poorly differentiated) at the invasive front of the tumour.
In this study, we defined dedifferentiated GCs as the tumours with higher histologic grade at the invasive front than that at the surface or the centre of tumour. Therefore, we evaluated tumour cell dedifferentiation in well-or moderately differentiated tumours.
Evaluation of tumour budding stained by cytokeratin at the tumour invasive front. Tumour budding is defined as an isolated single tumour cell or a tumour cluster of fewer than five tumour cells with no glandular formation that were detached from the primary tumour (Lugli et al, 2012) .
Undifferentiated tumours, including signet ring cell carcinoma, poorly differentiated, or mucinous adenocarcinoma, can form no or very few glandular structures. Their growth patterns show irregular trabaculae, lace-like cell clusters, or scattered single cells (Bosman et al, 2010; Japanese Gastric Cancer Association, 2011) .
In this study, we excluded undifferentiated adenocarcinoma for assessment of tumour budding in GC because it is difficult to discriminate between tumour budding and growth phenotype of undifferentiated tumour itself.
Although several methods for the assessment of tumour budding has been reported (Horcic et al, 2013) , we used the scoring method proposed by Karamitopoulou et al (2013) with minor modification. In brief, the cytokeratin-stained whole tissue sections were observed at low magnification ( Â 10) for identifying the tumour margin area with the highest density of tumour budding. The number of tumour budding was counted in the HPF of the tumour margin with the highest density of tumour budding using a Â 40 magnification. The average number of tumour budding were determined across at least three HPFs.
Statistical analysis. All statistical analyses were done using JMP version 5 (SAS Institute Inc., Cary, NC, USA). Associations of TrkB expression with clinicopathological variables or associations of tumour cell dedifferentiation and tumour budding with clinicopathological variables were evaluated using w 2 -test or Fisher's exact test when appropriate.
The optimal cut-off values discriminating patients' survival for the mean percentage of TrkB-positive tumour cells at the tumour centre and margin or the number of tumour budding was determined by an ROC curve analysis.
The overall survival time was calculated from the date of GC diagnosis or treatment commencement to the GC-specific death or censored at the time of death by other causes or the end of follow-up. The Kaplan-Meier method was used to determine the cumulative probability of survival. The log-rank test was used for comparison of cumulative survival rate in the patient group. Univariate and multivariate analyses were done using the Cox proportional hazards model to investigate the effects of patient and tumour characteristics, TrkB status, tumour dedifferentiation, and tumour budding on overall survival.
Variables associated with survival with P o0.05 in univariate analysis were used for multivariate analysis. P-values o0.05 were considered statistically significant.
RESULTS
TrkB expression at the tumour centre and tumour margin. Immunoreactive TrkB protein was localised in both the cytoplasm and the nucleus of GC cells. In adjacent normal gastric mucosa, TrkB protein was expressed weakly or absently.
The mean percentage of TrkB-positive tumour cells per HPF at the tumour centre was 28%, ranging from 0 to 100%. In contrast, that at the tumour margin was 34%, ranging from 0 to 100%. Thirty-nine patients (12%) had no TrkB expression. the same patient. TrkB expression at the tumour margin ( Figure 1B and D) was higher than that of the tumour centre ( Figure 1A and C) in the patient with differentiated adenocarcinoma histology ( Figure 1A and B) and undifferentiated adenocarcinoma histology ( Figure 1C and D).
Associations of TrkB at the tumour centre, TrkB at the tumour margin, and higher TrkB at the invasive front with clinicopathological variables. An ROC curve analysis was performed in the full cohort (n ¼ 320) to determine the optimal cut-off values of both TrkB at the tumour centre and margin for discriminating patients' survival. Patients with 440% of TrkB positivity at the tumour centre and 460% of TrkB positivity at the tumour margin were classified as 'high' TrkB expression, respectively. The remaining patients in each group were assigned as 'low', respectively. Accordingly, 67 patients (21%) showed high TrkB expression at the tumour centre, whereas 48 patients (15%) showed high TrkB expression at the tumour margin. Sixty-five patients (12%) showed higher TrkB expression at the invasive front whose mean percentage of TrkBpositive tumour cells at the tumour margin was higher than that at the tumour centre. None had lower TrkB expression at the tumour margin than that at the tumour centre.
As shown in Table 2 , high TrkB expression at the tumour centre or tumour margin, and higher TrkB expression at the invasive front were significantly associated with several aggressive tumour phenotypes such as a larger tumour size, lymphovascular invasion, advanced T stage, lymph node involvement, synchronous liver and peritoneal metastasis, other distant metastasis, and advanced stage, respectively.
Prognostic impact of TrkB expression status in both test and validation subgroups. Patients were divided into the test and validation subgroup according to the treatment period. Ninetyeight patients undergoing gastrectomy between 2000 and 2005 were used as the test subgroup to determine the optimal cut-off values discriminating patients' survival. The cut-off values of TrkB at the tumour centre and tumour margin were 10 and 70%, respectively. The remaining patients (n ¼ 222) were assigned as the validation subgroup to validate the prognostic value of TrkB expression status using these cut-off values.
In the test subgroup (n ¼ 98), univariate survival analysis showed that TrkB at the tumour margin and higher TrkB at the invasive front were significant risk factors affecting prognosis as well as general clinicopathological variables, including depressive macroscopic morphology, advanced T stage, lymph node metastasis, vascular invasion, synchronous liver and peritoneal metastasis, and other distant metastasis (other than the liver and peritoneal metastasis) ( Table 3 ).
In the validation subgroup (n ¼ 222), univariate analysis showed TrkB at the tumour centre and tumour margin, and higher TrkB at the invasive front were significant risk factors affecting prognosis, respectively. However, only higher TrkB at the invasive front (HR ¼ 2.09; 95% CI: 1.26-3.53; Po0.01) was retained as an independent prognostic factor as well as age, lymph node metastasis, liver, peritoneal, and other distant metastasis in multivariate analysis of the validation subgroup. Figure 2 showed Kaplan-Meier survival analyses of the test (A) and validation (B) subgroups according to the higher TrkB expression at the invasive front.
Associations of tumour cell dedifferentiation and tumour budding with clinicopathological variables. According to the definition of tumour cell dedifferentiation in this study, 21 patients (14%) showed both well or moderately differentiated at the surface to the centre and poorly differentiated at the margin in patients with predominantly differentiated histology (n ¼ 153).
In this subgroup, the average number of tumour budding per HPF ( Â 400) ranged from 0 to 90. The mean and median number of tumour budding were 20 and 13, respectively. The optimal cutoff value of tumour budding was determined as 10 using an ROC curve analysis. Ninety-two patients (60%) showed high-grade tumour budding (410 tumour buds per HPF).
As shown in Table 4 , tumour cell dedifferentiation and tumour budding were significantly associated with several aggressive tumour phenotypes such as a larger tumour size, depressive macroscopic morphology, lymphovascular invasion, advanced T stage, lymph node involvement, synchronous liver metastasis, other distant metastasis, and advanced stage, respectively.
High-grade tumour budding was significantly associated with TrkB at the tumour centre, TrkB at the tumour margin, and higher TrkB at the invasive front. However, no significant association between tumour cell dedifferentiation and TrkB expression status was found.
These results suggested that high-grade tumour budding seems to be associated with aggressive tumour phenotypes or change in TrkB expression as compared with tumour cell dedifferentiation.
Prognostic impact of tumour cell dedifferentiation and tumour budding in predominantly differentiated histology. In patients with predominantly differentiated histology (n ¼ 153), prognostic Figure 2 . Kaplan-Meier analysis according to higher TrkB expression at the invasive front. In the test subgroup (n ¼ 98, A), patients with higher TrkB expression at the invasive front (n ¼ 38) had significantly poorer prognosis than those without it (n ¼ 60, P ¼ 0.0013). In the validation subgroup (n ¼ 222, B), patients with higher TrkB expression at the invasive front (n ¼ 27) had significantly poorer prognosis than those without it (n ¼ 195, Po0.0001). Table 1 ). However, neither tumour cell dedifferentiation nor tumour budding wasn't retained as independent prognostic factors in multivariate analysis. In this subgroup, only lymph node, liver, and peritoneal metastasis were identified as independent prognostic factors.
Kaplan-Meier survival analyses showed that patients with tumour cell dedifferentiation (A) or high-grade tumour budding (B) had a significantly poorer prognosis than those without these factors (Supplementary Figure 1) .
Higher TrkB expression in dedifferentiated tumour cells. same patient. TrkB expression at the tumour margin ( Figure 4C and D) was higher than that of the tumour centre ( Figure 3A and B) in each patient. Figure 4E and F were cytokeratin-stained sections from each patient. Tumour budding was observed as an isolated single tumour cell or a tumour cluster of fewer than five tumour cells with no glandular formation. Higher TrkB expression in tumour budding was observed at the tumour invasive front (arrowheads). Higher TrkB expression in dedifferentiated tumour cells was also observed (arrows). There was a significantly positive correlation between TrkB expression at the tumour margin and tumour budding (r ¼ 0.245, P ¼ 0.0023), although no correlation was found between TrkB expression at the tumour centre and tumour budding (r ¼ 0.134, P ¼ 0.0997) as shown in Supplementary Figure 2 .
These results suggested that there seemed to be a significant association between the molecular change (overexpression of TrkB) and the morphological change (tumour budding).
DISCUSSION
GCs frequently show marked histological heterogeneity and co-existence of several histological components within the tumour. We hypothesised that the mixed histological GCs having both differentiated and undifferentiated components may show a 'dedifferentiation' or 'high-grade transformation' phenotype, which is defined as a state that differentiated tumour cells change to less differentiated cells. Poorly differentiated or undifferentiated components within the differentiated GC might be considered as dedifferentiated components, or transformed cells towards a less differentiated state.
Among such mixed histological GCs showing a co-existence of dedifferentiated and original differentiated components, we focused on GCs having a predominant well/moderately differentiated component (low or intermediate grade) at the surface to the centre of the tumour accompanied by a poorly differentiated component (poorly differentiated) at the invasive front of the tumour.
We have also focused on an anoikis resistance related gene, TrkB (Douma et al, 2004) , whose aberrant expression may enhance a resistance of detachment-induced apoptosis, resulting in tumour migration, invasion, and metastasis (Thiele et al, 2009; Li et al, 2011; Lee et al, 2012; Sasahira et al, 2013) . In this regard, a special attention was paid on TrkB at the invasive front where epithelial malignant cells acquire the ability of migration or invasion and just leave from primary tumour.
In this study, higher TrkB expression at the tumour invasive front was significantly associated with aggressive tumour phenotypes and identified as an independent prognostic factor of GC patients. It was also significantly associated with tumour budding rather than tumour cell dedifferentiation, although there was a significant association between tumour budding and tumour cell dedifferentiation (Po0.0001; data not shown). Recently, poorly differentiated component (POR), which is defined as a certain area composed of tumour clusters of more than five tumour cells with no glandular formation has been reported to show a clinical significance in colorectal cancer (Ueno et al, 2012) . We also observed tumour clusters of more than five tumour cells with no glandular formation in GC patients with tumour cell dedifferentiation (Figures 3 and 4) . We think that POR proposed by Ueno et al (2012) seems to be identical to tumour cell dedifferentiation, and that tumour budding might have more migratory and invasive ability than POR or tumour cell dedifferentiation. Tumour budding, but not tumour cell dedifferentiation, was significantly associated with liver and peritoneal metastasis (Table 4) .
Although higher TrkB expression in both dedifferentiated tumour cells and tumour buds was observed at the tumour invasive front, their association with clinicopathological variables and clinical outcome were not clarified yet.
To examine the characteristics of tumour cells with both the molecular change such as overexpression of TrkB and the morphological change such as tumour budding or tumour cell dedifferentiation, immunohistochemistry using whole-tissue sections seems to be useful. The assessment of immunoreactivity for the certain protein in tumour buds using a multiple-punch tissue microarray technique has been reported (Dawson et al, 2014) . Further studies will be needed to reveal the clinical and prognostic importance of molecular and morphological change of tumour cells at the invasive front of primary GC.
However, our results suggest that isolated single or clustered tumour cells (POR or tumour cell dedifferentiation) detached from the primary tumour may be regarded as anoikis-resistant cells, and may be associated with invasion, metastasis, and poor prognosis.
The evaluation of both molecular and morphological change of tumour cells at the invasive front may provide prognostic information for patients with not only GC but also other human malignancies.
In conclusion, assessment of immunoreactive TrkB at the tumour invasive front using whole-tissue sections may provide prognostic information for GC patients. Morphological and molecular characteristics of the tumour cells at the tumour-stroma interface may be associated with tumour progression of GC.
